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Pharmacological Activation of Rapl Antagonizes the Endothelial
Barrier Disruption Induced by Exotoxins ExoS and ExoT of
Pseudomonas aeruginosa
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Most clinical strains of Pseudomonas aeruginosa, a leading agent of nosocomial infections, are multiresistant to antibiotherapy.
Because of the paucity of new available antibiotics, the investigation of strategies aimed at limiting the action of its major viru-
lence factors has gained much interest. The type 3 secretion system of P. aeruginosa and its effectors are known to be major de-
terminants of toxicity and are required for bacterial dissemination in the host. Bacterial transmigration across the vascular wall
is considered to be an important step in the infectious process. Using human endothelial primary cells, we demonstrate that for-
skolin (FSK), a drug inducing cyclic AMP (cAMP) elevation in eukaryotic cells, strikingly reduced the cell retraction provoked by
two type 3 toxins, ExoS and ExoT, found in the majority of clinical strains. Conversely, cytotoxicity of a strain carrying the type 3
effector ExoU was unaffected by FSK. In addition, FSK altered the capacity of two ExoS/ExoT strains to transmigrate across cell
monolayers. In agreement with these findings, other drugs and a cytokine inducing the increase of cAMP intracellular levels have
also protected cells from retraction. cAMP is an activator of both protein kinase A and EPAC, a GTPase exchange factor of Rap1.

Using activators or inhibitors of either pathway, we show that the beneficial effect of FSK is exerted by the activation of the
EPAC/Rap1 axis, suggesting that its protective effect is mediated by reinforcing cell-cell and cell-substrate adhesion.

Pseudomonas aeruginosa is an opportunistic pathogen and a
leading agent of nosocomial infections. The largest cohorts of
P. aeruginosa-infected patients are found in three pathological set-
tings: ventilator-associated pneumonia, bacteremia, and cystic fi-
brosis. In acute infections, P. aeruginosa disseminates from the
primary infection site to the blood and other organs, leading to
sepsis and multiple organ failure. From a clinical point of view,
vascular barrier breakdown is thus considered to be a key step in
the pathophysiology of infection (1).

Most P. aeruginosa clinical isolates are multidrug or even ex-
tremely drug resistant to antibiotics, which explains the high fa-
tality rates of P. aeruginosa infections. The pathogen has been
recently included in a family of so-called “ESKAPE” bacterial
pathogens, a group which also includes Enterococcus faecium,
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter bau-
mannii, and Enterobacter species, that are able to efficiently “es-
cape” the effects of available antibacterial drugs and for which
there is an urgent need for developments of novel types of drugs
(2, 3). In this context, the investigation of new strategies limiting
the action of the virulence factors rather than bactericidal agents
has gained much interest.

P. aeruginosa is extremely well equipped in virulence determi-
nants, which are membrane-embedded protein machineries ded-
icated for effector/toxin export (4). The type 3 secretion system
(T3SS) and its effectors are recognized as the most important vir-
ulence factor, based on clinical studies and animal models of in-
fection (5-8). Notably, the T3SS effectors are required for bacte-
rial dissemination in the body (8). The T3SS consists of an
injectisome that is built up in the bacterial envelope by a dozen
proteins encoded in the P. aeruginosa chromosome (9-11). This
molecular syringe is devoted to secretion and translocation of exo-
toxins directly into the cytoplasm of target cells. Four exotoxins
have been identified, ExoS, ExoT, ExoY, and ExoU, but most
strains secrete a maximum of three type 3 toxins, ExoS and ExoU
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being mutually exclusive. A large number of studies investigated
the cellular targets of these toxins. The most powerful toxin,
ExoU, encoded by ca. 30% of the strains (12, 13), is a highly effi-
cient phospholipase provoking rapid plasma membrane disrup-
tion (10, 13, 14). However, the most frequent isolates secrete ExoS
and ExoT, two highly homologous bifunctional toxins. Both ExoS
and ExoT possess a GTPase-activating domain that inhibits the
activity of Rho, Rac, and Cdc42, three GTPases organizing the
actin cytoskeleton. ExoS also harbors a potent ADP-ribosyltrans-
ferase activity targeting and inhibiting various GTPases, including
Rac, Cdc42, some Ras and Rab family proteins, and the ezrin,
radixin, and moesin family of proteins (reviewed in references 10
and 15). ExoT ADP-ribosyltransferase activity targets Crkl and
Crk2, two adaptors located in the focal contact complex. The main
consequence of ExoS/ExoT action at the cell level is the disman-
tlement of the actin cytoskeleton and the focal contacts, leading to
cell retraction (16). ExoY is a potent adenylate cyclase, which has
no effect on cell retraction when injected alone and even induces a
slight but significant spreading when cells are infected at a low
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TABLE 1 P. aeruginosa strains used in this study

Rap1 Activity Limits P. aeruginosa-Induced Retraction

Strain Description Abbreviation Reference(s)
PAOIF (RP1831) Wild-type PAOL1 (exoS exoT exoY) Pa-WT 43

CHA Wild-type CHA (exoS exoT exoY) CHA 44

PP34 Wild-type PP34 (exoU exoT exoY) PP34 12
PAOI1FAST (RP1947) PAOIF AexoS AexoT Pa-Y 8, 45
PAOI1FASY (RP1924) PAOIF AexoS AexoY Pa-T 8,45
PAOI1FATY (RP1948) PAOI1F AexoT AexoY Pa-S 8,45
PAO1FApscD (RP1871) PAOIF devoid of T3SS PaApscD 45
PAOIFAY (RP562) PAOIF AexoY Pa-ST 8
PAO1FA3Tox/exoS 4 ppri— PAOIF only secreting ExoS mutated in the ADPRT domain Pa-S s pprr- 16

PAO1ASTY/exoS-bla

PAOIF strain with deletions of exoS, exoT, and exoY genes and chromosomal

PAO1ASTY/exoS-bla 25

insertion of the exo0S s ppr1-Gap-/B-lactamase fusion gene

multiplicity of infection (MOI) with a mutant strain secreting
ExoY as the sole type 3 toxin (16, 17), while ExoY induces the
disruption of the microtubules at a high MOI and longer infection
times (18).

Investigations aimed at preventing the action of P. aeruginosa’s
virulence factors involve chemical agents altering the quorum
sensing or the lectins, as well as monoclonal antibodies directed
against the T3SS or lipopolysaccharides and proteins of the bac-
terial envelope (reviewed in reference 19). Although these ap-
proaches are promising and tested in clinical trials (ClinicalTrials
.gov identifiers NCT01455675, NCT00851435, NCT00638365,
NCT00876252, and NCT01563263), none are used in the clinic
yet. Taking into account the tight interplay between bacterial ef-
fectors and host proteins for establishing infection, alternative an-
tivirulence approaches may rely on targeting eukaryotic compo-
nents required for effector function. Here, we investigated the
action of drugs known to alter eukaryotic signaling pathways on
T3SS-dependent P. aeruginosa toxicity, using human endothelial
cell monolayers as a model of the vascular barrier. We found that
forskolin (FSK), a drug elevating intracellular cyclic AMP (cAMP)
levels in the host, significantly reduced ExoS/T-induced cell re-
traction in endothelial cells. FSK affects ExoS/T toxicity by using
the EPAC/Rap1 signaling pathway, rather than protein kinase A
(PKA) activation. Other synthetic or natural agents triggering
cAMP synthesis similarly protected the cells from P. aeruginosa-
dependent retraction.

MATERIALS AND METHODS

Reagents. Antibodies to B-actin were from Sigma-Aldrich. The secondary
antibodies coupled to Alexa 488 were purchased from Invitrogen, and
those coupled to peroxidase were from Jackson ImmunoResearch. PopB
and PcrV antibodies were previously described (20). FSK, H89, prosta-
glandin E2 (PGE2), salmeterol, and rolipram were purchased from
Sigma-Aldrich, and N-benzoyl-cAMP (BNZ) and 8-(4-chlorophenyl-
thio)-2'-O-methyl-cAMP (CPT) were purchased from Biolog.

Bacterial strains and culture. The P. aeruginosa strains used in the
present study are described in Table 1. P. aeruginosa was grown in liquid
Luria broth (LB) medium at 37°C with agitation until the cultures reached
an optical density at 600 nm of 1.0.

Cell culture and infection. Human umbilical vein endothelial cells
(HUVECGs) were isolated according to previously described protocols
(16). Recovered cells were cultured in endothelial-basal medium 2
(EBM-2; Lonza) supplemented as recommended by the manufacturer.
Medium was replaced 30 min before infection with fresh nonsupple-
mented medium. Cells were infected with a bacterial MOI of 10 and in-
fection was stopped at 4 h postinfection (hpi) by cell lysis or fixation. For
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microscopy experiments, cells were grown on glass coverslips previously
coated with fibronectin.

Cell retraction assay. The cell retraction assay method was described
previously (16). HUVECs were seeded at 10° in 24-well plates containing
a fibronectin-coated glass coverslip and left confluent for 48 h. The cell
medium was changed 30 min before infection with fresh nonsupple-
mented EBM-2, including drugs in some experiments. Then, cells were
infected with late-exponential-phase bacteria at an MOI of 10. At the
indicated times, cells were fixed in methanol at —20°C for 10 min and
labeled for actin. Images were captured with a low-magnification objec-
tive lens (X16) and examined using ImageJ software. Briefly, images of
actin staining were binarized, and the total cell surface was calculated for
each image.

Cytotoxicity assay. Cell death was evaluated by measuring the lactate
dehydrogenase (LDH) released in the supernatant, as previously de-
scribed (21). Briefly, strains were grown to late exponential phase (Ago, =
1) and used to infect cells at an MOI of 10. The LDH was measured at
different time points using a cytotoxicity detection kit from Roche Ap-
plied Science, following the recommended protocol.

Bacterial transmigration across cell monolayers. HUVECs were
seeded onto tissue culture inserts containing porous membranes (Greiner
Thincert, 3-pwm pore size). After 2 days of confluence, the cells were in-
fected as described above by the addition of bacteria in the upper com-
partment. Bacterial transmigration was measured by plating serial dilu-
tions of samples withdrawn in the lower compartment on Pseudomonas
isolation agar plates, followed by CFU counting. The results shown were
calculated for the total volume of the lower compartment.

Rap GTPase activity assay. Assays were performed in triplicate using
a pull-down kit from Cytoskeleton. Briefly, the active form of Rapl
(Rap1-GTP) was pulled down using the Rap1-binding domain from one
of its effectors, RalGDS, fused to the glutathione S-transferase and gluta-
thione beads. Protein precipitates, as well as the total extracts, were elec-
trophoresed in parallel to monitor active and total Rapl, respectively.
Proteins were analyzed by Western blotting with Rap1 antibody, and im-
age capture was performed with a Chemidoc system from Bio-Rad, allow-
ing direct measurement of signal intensities. Only signals in the linear
range of sensitivity were used.

Mass spectrum analysis of Rap1 modifications. Thirty micrograms
of HUVEC Triton X-100-extracted proteins was electrophoresed using
SDS-PAGE. For trypsin digestion, 0.15 g of modified trypsin (Promega,
sequencing grade) in 25 mM NH,HCO; was added to a hydrated piece of
gel for an overnight incubation at 37°C. The peptides were then extracted
from gel pieces in three 15-min sequential extraction steps with 30 wl of
50% acetonitrile, 30 pl of 5% formic acid, and finally 30 wl of 100%
acetonitrile. The pooled supernatants were then dried under vacuum.
These operations were performed automatically using a robot apparatus
(EVO150; Tecan).

For nano-liquid chromatography-tandem mass spectrometry (nano-
LC-MS/MS) analysis, the dried extracted peptides were resuspended in
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water containing 2.5% acetonitrile and 2.5% trifluoroacetic acid. Nano-
LC-MS/MS analysis was then performed (Ultimate 3000, Dionex, and
LTQ-Orbitrap XL; Thermo Fischer Scientific). The method consisted of a
40-min gradient at a flow rate of 300 nl/min using a gradient from solvent
A (5% acetonitrile and 0.1% formic acid in water) and solvent B (80%
acetonitrile and 0.08% formic acid in water). The system includes a 300-
pm-by-5-mm PepMap C, precolumn and a 75-pm-by-250-mm C, ¢
PepMap. MS and MS/MS data were acquired using Xcalibur (Thermo
Fischer Scientific) and processed automatically using Mascot Daemon
software (Matrix Science).

Intranet version 2.4 of Mascot was used for the searches performed on
a Uniprot_decoy database using “human” as the taxonomy. Peptide mod-
ifications allowed during the search were set as follows: fixed modifica-
tions, carbamidomethyl (C), and variable modifications, oxidation (M)
and ADP-ribosylation (K and R). The other parameters were as follows:
peptide tolerance, 10 ppm; MS/MS tolerance, 0.8 Da; three missed cleav-
age sites by trypsin allowed.

Statistical analysis. For single comparison, a two-tailed Student ¢ test
was used. For multiple comparisons, a one-way analysis of variance
(ANOVA) test was performed, followed by Dunnett’s test for differences
with the control or Tukey’s test for pairwise comparisons. Statistics were
calculated using SigmaPlot software.

RESULTS

FSK protects endothelial cells from P. aeruginosa-induced re-
traction. The major observable effect of ExoS/ExoT toxin injec-
tion in endothelial cells is a striking cell retraction, subsequent to
the disruption of the actin cytoskeleton and the loss of the focal
contacts (16). We reasoned that preventing the disassembly of
these two cellular components could slow down the intoxication
process and the breakdown of the endothelial barrier. Hence, we
screened several pharmacological molecules known to act on the
actin cytoskeleton and cell adhesion to examine whether one of
them could inhibit P. aeruginosa-induced cell retraction. In this
experiment, we used primary endothelial cells derived from hu-
man umbilical cords (HUVEGCs) infected by the P. aeruginosa
strain PAO1F (Table 1). This strain is known to inject exotoxins S,
T, and Y through its T3SS. At 3 hpi with PAO1F at an MOI of 10,
the cells were fixed, labeled with anti-B-actin antibody to stain the
entire cell body, and observed by fluorescence microscopy. As
illustrated in Fig. 1A, the cells exhibited a massive retraction when
experiments were performed in the presence of dimethyl sulfoxide
(DMSO; the vehicle control), confirming previous studies. One of
the tested molecules, forskolin (FSK), was able to inhibit P. aerugi-
nosa-induced cell retraction (Fig. 1A). This experiment was repro-
duced many times with identical results. FSK is a potent stimula-
tor of adenylate cyclase that raises cAMP intracellular levels (see
Fig. S1A in the supplemental material), which in turn positively
impacts the actin cytoskeleton, the cell-cell junctions and cell-
matrix adhesion (22-24).

The effect of FSK on cell retraction was quantified by measur-
ing the surface occupied by the cells, which were confluent before
infection, in three microscopic fields at low magnification. As
shown in Fig. 1B, FSK strongly decreased the cell retraction in-
duced by PAOIF. Furthermore, FSK was also efficient when cells
were infected with P. aeruginosa strains injecting only ExoS or
ExoT (Pa-S or Pa-T; Fig. 1B). To further establish the protective
effect of FSK, we measured the capacity of the bacteria to transmi-
grate through a monolayer of endothelial cells in a Boyden cham-
ber assay (Fig. 1C). Bacteria were loaded in the upper compart-
ment, and samples were withdrawn in the lower compartment at 2
hpi for CFU counting. Transmigration was significantly delayed
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when the cells were infected in the presence of FSK, hence con-
firming the capacity of FSK to preserve the endothelial barrier. A
mutant of PAOIF devoid of T3SS, strain PaApscD, was also tested
in this assay to evaluate the bacterial transmigration due to factors
other than the T3SS (Fig. 1C). Strain PaApscD levels were signifi-
cantly reduced compared to those of the wild-type in the absence
of FSK (2.6-fold) but were similar to the wild-type in the presence
of FSK, indicating that the T3SS-dependent bacterial transmigra-
tion was abrogated by FSK. Interestingly, FSK did not influence
PaApscD transmigration (Fig. 1C). This feature suggests that FSK
has no effect on transmigration besides its role on the type 3 toxin-
dependent effects.

As previously mentioned, ExoY possesses an adenylate cyclase
activity once injected into host cells that may have a similar effect
as FSK and counteract ExoS/T action. To test this hypothesis, we
infected HUVECs with a mutant devoid of ExoY but secreting
ExoS and ExoT, i.e., Pa-ST, and compared its effect to that of
PAOIF in a cell retraction assay (Fig. 1D). At 4 hpi, we did not
measure a significant difference between Pa-ST and PAOIF re-
traction capacities (data not shown). However, at the beginning of
the retraction process (2 hpi), retraction was significantly in-
creased with Pa-ST (Fig. 1D), suggesting that ExoY attenuates the
action of ExoS/T at early time points.

The ability of FSK to prevent P. aeruginosa-induced retraction
was also tested on two other P. aeruginosa strains: CHA, which also
injects ExoS, ExoT, and ExoY, and PP34, which injects ExoU,
ExoT, and ExoY. As shown in Fig. 2A and B, the action of CHA was
prevented by FSK, whereas this compound had no effects on
PP34-induced cell retraction. Similarly, FSK did not protect cells
from ExoU-dependent membrane permeabilization (Fig. 2C). As
expected, PAO1F or CHA (Fig. 2C and data not shown) had no
effect on plasma membrane permeability. Altogether, these data
suggest that FSK may antagonize the action of ExoS and ExoT
once injected into the target cells. FSK likely does not affect the
injection or secretion capacities of the T3SS or limits bacterial
growth.

To unravel these various possibilities, we performed a series of
experiments aiming at characterizing the effect of FSK on P.
aeruginosa. We first investigated the effect of various concentra-
tions of FSK on the synthesis and secretion of two T3SS compo-
nents, PopB and PcrV, when triggered by a low-calcium switch
(see Fig. S2A in the supplemental material). Under all conditions,
the secreted proteins were present in similar amounts in the secre-
tome, thus showing that FSK did not influence the production
of T3SS components. The effectiveness of T3SS injection into
HUVEC:s in the presence of FSK was examined by using a mutant
strain of PAO1F devoid of type 3 toxin genes that has been com-
plemented with an ADPRT- and GAP-inactive form of ExoS
coupled to B-lactamase used as a reporter enzyme (25). After in-
fection, endothelial cells were loaded with a bifluorescent sub-
strate of 3-lactamase, CCF2, emitting a green fluorescence res-
onance energy transfer (FRET) signal. Once cleaved by the
enzyme, the energy transfer between the two fluorophores is
lost, and T3S-injected cells are revealed by a blue fluorescence.
As shown in Fig. S2B in the supplemental material, the percent-
ages of injected cells were similar whether HUVECs were in-
fected in the presence or in the absence of FSK. Furthermore,
bacterial growth was not affected by FSK (see Fig. S2C in the
supplemental material). Altogether, these data demonstrate
that FSK exerts its protective role by an action on the host
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FIG 1 Forskolin decreases P. aeruginosa-induced endothelial cell retraction and monolayer permeability. (A) Confluent HUVECs were infected for 4 h with PAOIF
atan MOI of 10, in the presence of DMSO or FSK at 10 M, as indicated. Cells were fixed and labeled with anti-actin antibody to label the entire cell body. Noninfected
controls (NI) are shown on the left. *, Absence of cell coverage. (B) HUVECs were infected with Pa-WT (WT), Pa-T (T), or Pa-S (S) in the presence of DMSO or FSK.
The total cell surface was calculated by measuring the total surface occupied by cells in actin immunofluorescence images. The data represent the mean percentages of the
cell surface (plus the standard deviations [SD]) calculated for three images. As determined by using a Student ¢ test, FSK induced a significant increase (***, P < 0.001)
compared to DMSO treatment for each strain type. (C) Confluent HUVECs grown on a porous membrane (see Materials and Methods) were infected in the upper
compartment with Pa-WT or PaApscD (ApscD) at an MOI of 10 in the presence of DMSO or FSK (10 wM). At 1 hpi, samples of the lower compartment were assessed
for the presence of P. aeruginosa CFU. The data represent the mean number of CFU calculated for the total compartment (plus the SD) in three independent wells.
Statistics were established by multiple-comparison one-way ANOVA (P < 0.001), followed by Dunnett’s test for comparison with Pa-WT/DMSO (*, P < 0.05). (D) Cell
retraction assay as in panel A, except that HUVECs were infected for 2 h with Pa-WT or Pa-ST (ST) or were uninfected. A multiple-comparison one-way ANOVA (P <
0.001) was performed, followed by Tukey’s test for pairwise comparisons (*, P < 0.05). All data shown are representative of three independent experiments.
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FIG 2 Forskolin action depends on the type of type 3 toxin. HUVECs were infected with CHA and PP34 strains at an MOI of 10, and the cells were fixed at 2 hpi
(A) or 4 hpi (B). As established using a Student ¢ test, FSK induced a significant increase (***, P < 0.001) when the cells were infected with CHA compared to
DMSO, but not when the cells were infected with PP34. The data are representative of three independent experiments. (C) HUVECs were infected by PAO1 or
PP34 at an MOI of 10 in the presence or absence of FSK at 10 pM. Cell death was examined by measuring the LDH released in the supernatant at different time
points using a colorimetric assay. The data are presented as the percentages of total cell lysis, obtained after treatment with 1% Triton X-100. FSK did not protect

cells from ExoU-dependent cell lysis.

rather than an alteration of P. aeruginosa virulence or growth.
Furthermore, FSK did not alter the injection capacity of the
T3S apparatus either on the bacterial side or on the host side.
Induction of EPAC/Rap1 pathway is crucial for the protec-
tive effect of forskolin. cAMP is a signal activator of two different
pathways: (i) it stimulates protein kinase A (PKA), which in turn
inhibits actomyosin contraction and stabilizes cortical actin, and
(ii) it activates EPAC, a GTPase exchange factor (GEF) for the
GTPase Rap1 that has emerged as a major regulator of cell-cell and
cell-matrix adhesion (Fig. 3A and discussion below). To deter-
mine which pathway (PKA or EPAC) is involved in FSK’s protec-
tive effect, we used drugs known to specifically activate or inhibit
one pathway and not the other. We used cell-permeant cAMP
analogs, BNZ and CPT, that activate either PKA or EPAC, respec-
tively, and a PKA inhibitor, H89 (Fig. 3A). The drugs were first
tested on AKT kinase phosphorylation at Ser473, which is differ-
entially affected by PKA and EPAC pathways (26). As shown in
Fig. S1B in the supplemental material, CPT (EPAC activator) in-
creased AKT phosphorylation, while BNZ (PKA activator) de-
creased it, in agreement with previous data (26). FSK alone in-
creased AKT phosphorylation, indicating that cAMP elevation has
a preponderant effect on the EPAC pathway. The addition of both
H89 and FSK increased AKT phosphorylation, a finding consis-
tent with its inhibition of PKA. Next, we performed a cell retrac-
tion assay using these compounds. In these experiments, only
CPT, the EPAC activator, had a striking protective effect on cell
retraction comparable to that of FSK (Fig. 3B). In contrast, BNZ
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(PKA activator) had very little (although statistically significant
for Pa-WT and Pa-S) or no effect in this assay (Pa-T). To further
determine which pathway is important to reverse the P. aeruginosa
cell retraction effect, we challenged FSK in infection assays with
H89, the PKA inhibitor. H89 did not interfere with the protective
effect of FSK, confirming that the EPAC/Rap1 pathway is solely
required for the FSK effect (Fig. 3C). The addition of H89 alone
did not modify P. aeruginosa-induced cell retraction, indicating
that H89 has no effect on this process in itself (Fig. 3C). In this
experiment, we also infected cells with Pa-T or Pa-S and the re-
sults were similar to those for infection with Pa-WT, indicating
that FSK inhibition of cell retraction induced by either exotoxin
targets the EPAC/Rap pathway.

To confirm that Rapl was indeed activated in infected endo-
thelial cells in the presence of FSK, we examined the amount of
activated Rap1 (Rap] linked to GTP) in comparison to total Rap1
using a pulldown assay (Fig. 4A). In uninfected cells, FSK and
CPT, but not BNZ, increased the GTP-Rap1/total Rapl1 ratio, as
expected. The infection of HUVECs dramatically decreased the
Rapl activity, while this activity was increased in infected cells
challenged with FSK or CPT but not BNZ. Thus, the cAMP/
EPAC/Rap1 pathway is downregulated in infected cells but reac-
tivated by FSK or CPT. A bacterial strain secreting only ExoS
(Pa-S) had a similar effect as PAO1F on Rapl activity (Fig. 4B).
Conversely, a strain secreting only an ExoS mutant in which the
ADP-ribosyltransferase is inactivated (Pa-S s pprr-) did not down-
regulate Rapl, thus demonstrating that the ExoS ADP-ribosyl
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DMSO-treated samples are indicated (¥, P < 0.05). In panels B and C, the data are representative of three independent experiments.

transferase domain is solely responsible for Rapl downregulation.  impact on the proportion of active Rap1l compared to the unin-

As previously shown (16), Pa-S ,pprr- induced only alittle retrac-
tion in HUVECs, indicating that the ExoS GAP domain has no
major effect on the cytoskeleton either.

To investigate the role of other bacterial factors apart from the
T3SS on Rapl regulation, we infected cells with a mutant strain
defective in the T3SS (PaApscD). Infection with this strain had no
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fected condition, and FSK upregulated Rap1 activity, as when in-
fected with PAO1F (Fig. 4C). Hence, the T3SS is the only compo-
nent, among the other P. aeruginosa virulence factors, that
controls Rap1 activity.

Rap1 was reported to be ADP-ribosylated by ExoS in epithelial
cells (27-29), and the modification was shown to occur at Arg41
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(30). Therefore, we wondered whether Rapl could be a direct
substrate of ExoS ADP-ribosyltransferase in endothelial cells. As
shown in Fig. 4A to C, HUVEC infection did not induce an elec-
trophoretic mobility shift of Rap1, as opposed to epithelial cells
(28-30), suggesting that Rap1 is not ADP-ribosylated in endothe-
lial cells.

To further evaluate Rapl potential ADP-ribosylation in in-
fected endothelial cells, we analyzed trypsin digests of infected cell
extracts by mass spectrometry, using an LC-MS/MS technique
(see Materials and Methods). Two tryptic peptides containing
Arg4l, YDPTIEDSYR*' and YDPTIEDSYR*'K, were identified in
both infected and uninfected conditions (Fig. 4D). Analysis of MS
data using Mascot software (see Materials and Methods) or by
scanning MS/MS spectra for characteristic fragmentation of the
modification (m/z = 428 and 348) did not identify any ADP-
ribosylated Rap1 peptide (data not shown). Furthermore, ADP-
ribosylation of Arg41l would prevent trypsin digestion between
Arg41 and Lys42; no modification in peptide signal intensities on
the chromatograms was observed between the uninfected and the
infected conditions (Fig. 4D), confirming that no ADP-ribosyla-
tion occurred on Arg41 in infected endothelial cells. Rap1 down-
regulation during infection is thus not caused by Rap1 ADP-ribo-
sylation.

Physiological or pharmacological activators of adenylate cy-
clase hamper P. aeruginosa-induced cell retraction. We next ex-
amined whether protection against P. aeruginosa-induced retrac-
tion could also be produced by physiological activators of
adenylate cyclase. Prostaglandin E2 (PGE2) is a naturally occur-
ring hormone that selectively binds and activates the PGE2 recep-
tor. This receptor, also called EP,, activates the G-protein G,, a
potent activator of adenylate cyclase (31) that significantly in-
creased cAMP levels in HUVEC:s (see Fig. S1A in the supplemental
material). In the cell retraction assay, PGE2 significantly protected
the cell surface decrease induced by P. aeruginosa (Fig. 5).

We also used two other pharmacological agents: (i) salmeterol,
a G,-coupled beta-receptor agonist known to activate adenylate
cyclase (32), and (ii) rolipram, a selective phosphodiesterase
(PDE) type IV inhibitor (33), which blocks the degradation of
cAMP by this phosphodiesterase. These molecules were selected
because beta-receptors are present on the surface of endothelial
cells and because type IV PDE is the major phosphodiesterase
isotype located in endothelial cells. Salmeterol and rolipram sig-
nificantly increased cAMP in endothelial cells (see Fig. SIA in the
supplemental material). Elevation of intracellular cAMP levels ei-
ther by activation of adenylate cyclase (salmeterol) or by inhibi-
tion of its degradation (rolipram) significantly reduced P. aerugi-
nosa-induced cell retraction (Fig. 5).

DISCUSSION

In this study, we show that one of the most striking and rapid
effects of P. aeruginosa on endothelial cells—cell retraction— can
be significantly attenuated by pharmacological drugs increasing

Rap1 Activity Limits P. aeruginosa-Induced Retraction
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FIG 5 Effect of physiological and pharmacological agents on P. aeruginosa-
induced cell retraction. HUVECs were either noninfected (NI) or infected with
PAOLF (WT) for 4 h and then challenged with FSK at 10 M, PGE2 at 1 nM,
salmeterol (Salm) at 100 pM, or rolipram (Rol) at 100 WM. The total cell
surface was calculated as in Fig. 1B. In PAO1F-infected cells, the effects of
agonist or drugs were compared to control DMSO-treated samples by one-way
ANOVA (P < 0.001), followed by Dunnett’s ¢ test (¥, P < 0.05). The data are
representative of three independent experiments.

the intracellular cAAMP level (e.g., FSK, salmeterol, or rolipram) or
by PGE2, a natural cytokine. The data of the monolayer transmi-
gration assay further demonstrated that this effect on cell mor-
phology has a real outcome on the capacity of the bacteria to cross
the endothelial monolayer.

The FSK effect was observed for strains secreting ExoS/ExoT
toxins, such as PAO1F and CHA. Furthermore, FSK attenuated
both ExoS- and ExoT-induced retraction, as shown with the mu-
tant PAO1F strains. Conversely, FSK had no effect on infection
with an ExoU-positive strain, even at early time points. This was
expected, since ExoU intoxicates cells using a completely different
mode of action (10, 34). Fortunately, the highly toxic ExoU-se-
creting strains are less common in the clinic than the ExoS/ExoT-
secreting strains (12, 13).

The only known biological activity of ExoY in host cells is an
adenylate cyclase. Interestingly, the Pa-Y mutant, which expresses
only ExoY among the T3SS exotoxins, induces cell spreading
instead of cell retraction (16). The seemingly paradoxical ExoY
activity in host cells is in fact in agreement with the action of
cAMP-elevating agents shown in the present study. Confirming
these findings, we show that the absence of ExoY accelerates cell
retraction (Fig. 1D).

Altogether, our data are consistent with the necessity of devel-
oping targeted therapies depending on the type of P. aeruginosa
strain, based on the nature of the secreted type 3 toxins. We dem-
onstrate that the FSK effect was due to its action on host cells, not
on bacteria (see Fig. S2 in the supplemental material). Along the
same lines, PP34 (ExoU-positive strain) action was not altered by
FSK (Fig. 2), confirming that the T3SS machinery is not affected

FIG 4 Rapl activation by FSK in infected HUVECs. (A) Levels of Rapl-active cells (Rap1-GTP) investigated by pull down, followed by Western blotting in
PAO1F-infected (MOI = 10) or in noninfected (NI) cells at 4 h posttreatment, in the presence of DMSO (control [CTRL]), FSK at 10 uM, BNZ at 200 uM, or
CPT at 200 M. Cell lysates were analyzed in parallel to show the total amount of Rap in each sample. The Rap1-GTP/total Rap1 signal ratios are indicated below
the lanes. (B) Levels of Rap1-active cells assayed as in panel A after infection with Pa-S or Pa-S ,,prr-- (C) Levels of Rap1-active cells infected by PaApscD in the
presence or absence of FSK. The data are representative of three independent experiments. (D) Analysis of Rap1 potential ADP-ribosylation on Arg4l by
LC-MS/MS (see Materials and Methods). Chromatograms of the two tryptic peptides containing Arg41 in PAO1F-infected or uninfected HUVEC protein
extracts. Signal intensities (NL, normalized levels) of both peptides are shown on the right.
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by FSK. Thus, the action of this drug takes place once the toxins
are injected, rather than inducing an alteration of the host cell
permissivity to the T3SS.

cAMP is a potent second messenger in eukaryotic cells, activat-
ing both PKA and EPAC, a GEF specific to Rapl. Both pathways
are critical for cell reaction to various stimuli. Our experiments,
using specific activators of each pathway and with the PKA inhib-
itor H89, showed that activation of the EPAC/Rapl axis has a
major protective role in cell morphology. The biological activity of
Rapl has been extensively studied, and Rapl upregulation by
cAMP/EPAC is well known to stimulate integrin function and to
increase endothelial cell-cell adhesion (22-24). Accordingly, Rap1
activation was shown to reduce vascular permeability and leuko-
cyte transmigration (35-37). Rap1 has several effectors, including
RapL, which stabilize integrin-mediated adhesion, extend focal
adhesion, and promote the interaction of the integrin complex
with actin filaments (reviewed in reference 38). In addition, Rap1
stabilizes endothelial adherens junctions by regulating the junc-
tional localization of Krit1/CCM1, where it stabilizes junction in-
tegrity by anchoring junctional components to actin bundles (39,
40). The overall conclusion of these previous studies is that acti-
vation of the cAMP/EPAC/Rapl axis enhances the barrier prop-
erties of endothelial cell monolayers. The data presented here ex-
tend the known effects of cAMP/EPAC/Rapl1 signaling to the
situation of infected cells. Importantly, Rap1 activates Cdc42 and
Racl, leading to profound modifications of the actin cytoskeleton:
it releases tension of radial stress fibers and increases tension of
junctional actin (41). The cAMP/EPAC/Rap1l-dependent acti-
vation of Racl and Cdc42 may thus counteract the action of
ExoS and ExoT on these two GTPases.

Rapl was less active after infection with PAOIF (Fig. 4). Al-
though there are some controversies in the literature, Rapl was
shown by three groups to be ADP-ribosylated by ExoS in epithelial
cells (27-30). Rap1 ADP-ribosylation by ExoS occurs at Arg41 and
prevents its activation by C3G, a Rap1l GEF (30). Here, we show,
by various approaches, that Rap1 is not ADP-ribosylated by ExoS
in endothelial cells. More generally, it is interesting to note that
endothelial cells respond differently to P. aeruginosa infection
than epithelial cells; for example, moesin phosphorylation is not
altered in endothelial cells by T3SS effectors, as opposed to epithe-
lial cells (16).

One remaining issue is to understand how ExoS and ExoT
induce Rap1 downregulation. Rap1 activation is promoted by sev-
eral GEF, including PDZ-GEF1, which is activated by endothelial
cell-cell junctions and responsible for basal Rap1 activation (re-
viewed in reference 41). In connection with this, we previously
showed that ExoS and ExoT both induce cell retraction and cell
junction disruption (Fig. 1B) (16). Thus, ExoS/ExoT-induced loss
of cell-cell junctions may inhibit Rap1 by downregulation of PDZ-
GEF1.

Specific therapies aiming at the improvement of vascular bar-
rier function in patients with acute infection are still lacking.
Taken together, our results show that increasing intracellular
cAMP levels may be beneficial to the host to maintain endothelial
barriers in infected organs. However, a systemic increase of cCAMP
levels in the whole body may lead to undesired effects, such as
vasodilation, increased heart rate, and activation of several ion
channels. Therefore, elevation of cAMP at the organism level may
require specific delivery in endothelial cells exposed to the patho-
gen and/or a specific action on Rap1, not PKA, in order to prevent
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harmful secondary effects. In this context, CPT is probably the
best agent to specifically activate Rapl in vivo; however, a drug
delivery system for CPT is not yet available. Recently, the oxidized
form of 1-palmitoyl-2-arachidonoyl-sn-glycero-3-phosphocho-
line was shown to enhance endothelium barrier properties
through Rap1 activation (42). This compound may represent an
alternative to CPT in the context of P. aeruginosa infection.

In conclusion, we propose here a mechanism to counteract the
action of ExoS and ExoT on the vascular barrier. Further studies
are needed to evaluate this strategy in vivo.
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